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We report a laser that coherently emits phonon-polaritons, quasi-particles
arising from the coupling between photons and transverse optical phonons.
The gain is provided by an intersubband transition in a quantum cascade
structure. The polaritons at hν = 45.4meV (corresponding to an emission
frequency of 10.4THz) are formed by the transverse AlAs phonon mode of
monolayer thin AlInAs layers coupled to the optical modes of a Fabry-Perot
cavity. The frequency location of the laser mode is in good agreement with the
computed polaritonic dispersion and allows to quantify the constituent frac-
tions of the emitted polaritons that reach a maximum of 50% for the phonon
fraction. A fraction of the gain (between 2-5%) originates directly from the
coupling between the intersubband and the phonon polarizations. The device
exhibits a very low temperature dependence of its threshold current, as well as
the capability to operate in very thin (λ/20) optical cavities.
The phonons, the quantized vibrational modes of a crystal, are by nature bosonic. It is
therefore legitimate to consider a laser-like process in which a coherent population of a me-
chanical excitation of a solid with an occupation number much larger than one is created and
maintained by pumping. The first implementation of such an idea used as phonon modes the
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mechanical excitations of the Mg+ ion in a trap potential [1]. Using an opto-mechanical plat-
form, a phonon laser operating at a phonon frequency of 21MHz was demonstrated by optical
pumping using a Raman-like process in a pair of whispering gallery microresonators [2]. A
pure mechanical phonon laser was achieved recently [3] using a piezo-electric excitation of a
micromechanical resonator. This device, operating at frequencies of 100kHz was described as
being the acoustic analog to a Brillouin laser. Amplification of acoustic phonons at 440GHz in
a biased GaAs/AlGaAs superlattice was reported recently [4].
However, it would be especially interesting to consider such lasers operating at much higher
frequencies, corresponding to the Longitudinal Optical (LO) phonons frequency of solid state
materials. Such oscillators, operating in the THz frequencies would be welcomed in this fre-
quency range that is plagued by a lack of convenient optical sources [5]. Initial theoretical
considerations envisaged, besides phonons, the plasma waves excitations of polar semiconduc-
tors [6]. Experimentally, the observation of spontaneous emission was reported in a narrow-gap
HgCdTe alloy in the regime where the gap was resonant with the LO phonon energy [7]. How-
ever, as was pointed out by Chen and Khurgin [8], the very large density of states of the LO
phonons makes the realization of such a LO phonon laser difficult. Indeed, measurements of the
optical phonon occupation by Raman scattering in Quantum Cascade Lasers structures showed
that the distribution remained very close to a thermal one especially when the temperature is
raised [9].
In this work, we propose that coupling optical phonons excitations to light, effectively creat-
ing phonon-polaritons, alleviates this problem and enables the operation of a phonon-polariton
laser. Indeed, as shown in Fig. 1 a) where the dispersion of such polaritons is reproduced, the
ionic polarization of the polar phonon couples to the light, creating two branches separated by
a polaritonic gap [10]. The two asymptotes of the dispersion (for k → 0 and k → ∞) corre-
spond to the LO and TO phonon energies. In the region where the two dispersions anticross, the
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coupling of the phonon modes to the light effectively decreases the density of states effectively
lowering the threshold current density for a polariton laser.
A microcavity polariton is formed through the hybridization of an interband exciton with
the optical mode of a microcavity. Such an excitation was first observed experimentally by
Weisbuch and Arakawa [11] in a III-V microcavity. Polariton lasers were described as hav-
ing properties that were intermediate between a photon laser and a Bose-Einstein condensation
of excitons [12]. A polariton laser, was then demonstrated using optical pumping in GaAs-
based [13] or GaN-based [14] structures. An electrically pumped polariton laser has been re-
cently reported under cryogenic cooling and under application of a 5T magnetic field [15]. The
light mass of polaritons enabled also their Bose-Einstein condensation [16]. In such a conden-
sate, the interaction between polaritons is responsible for the rich physical properties of this
system, justifying a large body of experimental and theoretical work devoted to their study [17].
As shown schematically in Fig. 1b) the phonon-polaritons were created in our structure by
periodically inserting a nominal monolayer-thick AlInAs barrier in a quantum cascade laser [18]
based on a InGaAs/GaAsSb heterostructure lattice matched on InP [19]. The heterostructure,
following a bound-to-continuum design is designed to provide a population inversion and a
large gain to the photon fraction of the polariton at a frequency corresponding to the AlAs
LO phonon energy. This is confirmed by the results of the gain computation performed at a
field of 19kV/cm, corresponding to a current density of 4.1kA/cm2 by our density-matrix based
simulator [20] and shown in Fig. 1d). As the AlInAs layers are at a location where the upper and
lower states wavefunctions have a large amplitude, an additional gain is also expected to arise by
the interaction between the intersubband and phonon polarizations. Compared to the exciton-
polariton laser, our phonon-polariton laser is intrinsically different because the polaritons are
stimulated by their coupling through both their “photonic” and “phononic” parts whereas the
coherent state of exciton polaritons is generated by final state stimulation of exciton-phonon
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Figure 1: a) Schematic dispersion of a phonon-polariton, showing the two characteristic fre-
quencies of the LO and TO phonons as well as the region where the mixed particle arise. b)
Schematic plot of the heterostructure potential and square modulus of the wavefunction for the
phonon-polariton laser EP1531. As shown schematically, the phonon mode is contained within
the monolayer thick AlInAs. The gain arises from the population inversion occurring between
the upper and lower states (in red) maintained by electrical injection (indicated dashed arrow).
c) Polaritonic waveguide, using two metal layers enclosing the active region in order to confine
the optical part of the polariton. The computed square modulus of the electric field is plotted in
the inset using a color scale. d) Computation of the intersubband gain of the device.
interaction.
The 4.3µm thick structure EP1531 was grown by molecular beam epitaxy (MBE) and com-
prised 60 repetitions of the active region preceded and finished by contact layers. Along with
the phonon-polariton laser, a reference structure EP1520 was also grown which was in all point
identical except for the replacement of the AlInAs barrier by a GaAsSb one. As shown in
Fig. 1c), waveguiding of the polariton is done in a hybrid way, as the phonon excitation is nat-
urally confined within the AlInAs layer, while the photonic part is guided along the plane of
the layers by a double metal waveguide [21]. The devices were then processed by metalization,
wafer bonding and substrate removal before the fabrication of the ridges by dry etching. After
soldering and wire bonding, the chips were measured in a liquid Helium flow-cryostat.
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The subthreshold emission spectrum of the phonon-polariton laser, recorded using a home-
built vacuum FTIR fitted with a He-cooled bolometer, is compared to the one of the reference
structure in Fig. 2. While the emission spectrum of the reference structure displays a spectrum
centered at 43meV with a full width at half maximum of 4meV, close to the theoretical pre-
diction (3.5meV) shown in Fig. 1d), the spectrum of the phonon-polariton laser is asymmetric,
with a broad minimum corresponding to the restrahlen band of AlAs and a sharp maximum
close to the AlAs LO phonon energy.
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Figure 2: a) Measurements of the LO and TO phonon frequencies in a bulk AlInAs epitaxial
layer by Raman spectroscopy in the backscattering configuration. b) Subthreshold emission
electroluminescence spectrum of the phonon-polariton laser structures for increasing currents,
as indicated. At a current of 420mA, the laser is above threshold and the linewidth is limited by
the resolution of the spectrometer. c) Same subthreshold measurements, but performed using
the reference structure.
The light and voltage versus current characteristics of the device were measured as a func-
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tion of temperature in pulsed operation and displayed in Fig. 3 a). The peak optical power is
100µW and the device operates up to 182K. As shown in Fig. 3 b), the temperature dependence
of the threshold current can be fitted by the empirical exponential form Jth = J0 exp(T/T0).
The characteristics temperature T0 = 472K observed for the phonon laser structure is very high,
expressing an unusually small temperature dependence of the threshold current as compared to
conventional quantum cascade laser structures.
45.0 45.2 45.4 45.6 45.8 46.0
0
2
0
2
0
2
0
1
2
0
1
0
1
0.0
0.5
 
Energy (meV)
 9 K
 
 31 K
 
 51 K
 
 70 K
 
 90 K
 
In
te
ns
ity
 (a
.u
.)
 110 K
 
 
 130 K
0.0 0.5 1.0 1.5 2.0
0
2
4
6
8
10
V
ol
ta
ge
 (V
)
Current (A)
 71 K
 90 K
 110 K
 130 K
 150 K
 170 K
 180 K
0
20
40
60
80
100
P
ea
k 
O
ut
pu
t P
ow
er
 (μ
W
)
0 2 4 6 8 10
Current Density (kA/cm2)
0 20 40 60 80 100 120 140 160 180 200
5
6
7
8
9
10
T0 = 249 K
 Phonon polariton 
 Reference
Th
re
sh
ol
d 
C
ur
re
nt
 D
en
si
ty
 (k
A
/c
m
2 )
Temperature (K)
T0 = 472 K
a)
b)
c)
Figure 3: a) Light-current and voltage-current characteristics of the phonon-polariton laser for
various temperatures between 10 and 180K, as indicated. b) Threshold current density as a func-
tion of temperature. The phonon-polariton laser exhibits a slightly higher maximum operating
temperature (182 instead of 175K) and a much weaker dependence of the threshold current as
a function of temperature compared to the reference structure. c) High resolution spectra of
the phonon-polariton laser as a function of temperature. The main emission remains in a small
energy range about 0.2meV wide (shown by the hatched region).
A better insight in the characteristics of this laser can be gained by studying the spectral
characteristics of the laser. Spectra of the structures were both measured using a high-resolution
Fourier transform infrared spectrometer Brucker 80V and a DTGS detector. To minimize the
broadening of the spectra, the electrical pulse length was kept below 50ns. As shown in Fig. 3
c), unlike in conventional quantum cascade lasers, the modes do not significantly shift with
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temperature in the whole operation temperature range of the device.
Furthermore, as shown in Fig. 4 a) the spectra of both phonon-polariton and reference de-
vices, measured and compared at an injection current density J = 1.1 × Jth times the thresh-
old value Jth are qualitatively very different. While the spectrum of the reference structure
shows laser modes over a relatively broad spectral range, the emission spectrum of the phonon-
polariton laser is much narrower and typically contains one to two modes.
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Figure 4: a) Comparison of the emission spectra of the phonon-polariton and of the reference
structure at current 10% above threshold, showing the much narrower spectrum of the phonon-
polariton structure. b) Same comparison, but performed when the device is driven at its max-
imum power. In contrast to the reference structure, the change in spacing of the mode of the
polariton laser is a testimony of the very strong dispersion of the phonon-polariton modes.
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Another important feature of the emission of the phonon-polariton laser is the characteristic
dispersion of the emission. In fact, the group index ng, as retrieved experimentally from the
angular frequency spacing of the longitudinal modes of the Fabry-Perot cavity ∆ω using ng =
pic/L∆ω where c is the light velocity and L = 1mm the cavity length exhibits a very strong
frequency dependence. Indeed, such dependence is expected as it arises from the “slowing
down” of the group velocity as the upper polariton departs from the light line and converges to
the pure phonon excitation. Such effect is clearly apparent in Fig. 4 b) where this dispersion
is clearly shown by the uneven spacing of the cavity mode of the phonon-polariton laser that
exhibits a group index varying between 5.5 and 6.5 in an energy range smaller than 1meV.
The polariton dispersion can be understood by considering a model originally developed
to study the ultra-strong coupling between intersubband electronic excitations and metal-metal
waveguide cavities [22]. In this model, the light-matter coupling is studied in the dipole gauge,
and the quadratic A2 term appears as a polarization self-interaction. We apply this model,
considering the AlAs TO phonons as providing a “mechanical” resonance at ω = ωTO. In
this framework, the Rabi coupling between polarization arising from the dipoles and the cavity,
responsible for the anticrossing between the oscillators and the light mode, can be written at
resonance as
ΩR =
ωP
2
√
fP , (1)
where ωP is a plasma frequency associated with the oscillators (in our case the AlAs phonon
modes) and fP their “filling fraction”. The computation of the polaritonic branches enables
us to compute the group index ng = c/vg = c ∂k∂ω as a function of ω and compare it to the
spectral measurements of the devices, as shown in Fig. 5. The excellent agreement between
the computed dispersion and the measured one is a strong proof of the polaritonic nature of
the emission. In this model, we assumed a value of ωP = 14.2meV, close to the value ωP =√
ω2LO − ω2TO = 15.1meV for AlAs bulk material. We attributed the small difference between
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the two values to the slight spreading of the Aluminum atoms in the growth direction, reducing
their effective local concentration.
Similarly, we assumed in our cavity a value of fP = 5.4×10−3, reducing the Rabi frequency
ΩR by a factor of 14 approximately as compared to the bulk AlAs value. This value of fP
would correspond to a full monolayer of AlAs rather than a monolayer of Al0.48In0.52As. As
infrared absorption measurements in the restrahlen band region (shown in the supplementary
material) are also consistent with this larger overall amount of AlAs material, we attributed
the difference to an uncertainty in the growth process. In Fig. 6 a), the measured emission is
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Figure 5: Comparison between the group refractive index (red and dark red disks), as derived
from the optical spectrum with the one derived from the computed polariton dispersion. The
group index for the reference structure (solid blue disks) is shown for comparison.
reported onto the upper branch of the phonon-polariton dispersion curve. From their position,
the phonon and photon fraction of the polariton can be retrieved from the computation of the
Hopfield coefficients. As shown in Fig. 6 b), a phonon fraction of the polariton as high as 50%
is inferred.
The model can then be expanded to take into account the polaritonic gain by considering the
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Figure 6: a) Computed dispersion of the cavity phonon-polaritons (solid lines), showing the
measured spectra for two devices, as indicated. b) Computed mixing fraction of the phonon and
photon part as a function of in-plane wave vector. c) Fraction of the gain arising directly from
the coupling of the wavefunction to the phonons.
total matter polarization as the sum of the phonon PP and the intersubband PISB polarizations,
and treating the latter as a perturbation in a polaritonic basis using Fermi’s golden rule. Using
the notation of [22], the microcurrent associated with the intersubband transition is written as
ξISB(z) = φup∂zφdn−φdn∂zφup for the upper and lower state envelope wavefunctions φup,dn(z).
The microcurrents ξP (z) generated by the transverse phonon polarization in a layer at position
z0 have a Gaussian form since the phonon potential is harmonic
ξP(z) =
1
σ
√
2
pi
exp
(
−(z − z0)
2
σ2
)
, (2)
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where σ = 0.16nm is the spatial spread of the microcurrent, chosen such that
fP =
∫ D(z)ξP(z)dz√∫
ξ2P(z)dz
2 = 5.4× 10−3 (3)
is the value of the effective overlap used above with D(z) the amplitude of the optical mode
in the cavity normalized such that
∫ D(z)2dz = 1. In this approach, the gain comprises two
components, one arising from the term D · PISB describing the intersubband gain, one arising
from PISB ·PP, i.e. the interaction between the intersubband and the phonon polarization. The
latter arises only as a result of the overlap between the phonon and intersubband microcurrents,
and is equal at the anticrossing resonance to
Ξ =
ωP
4ωLO
∫
ξP (z)ξISB(z)dz√∫
ξ2ISB(z)dz
∫
ξ2P (z)dz
ωISB (4)
while the matrix element with the intersubband is
Ω =
1
2
∫ D(z)ξISB(z)dz√∫
ξ2ISB(z)dz
ωISB (5)
where ωISB is the plasma frequency associated with the intersubband polarization and is propor-
tional to the electron density in the upper state. The gain will finally be written as proportional
to g ∼ |x(k)Ω + y(k)Ξ|2, where x(k) and y(k) are the Hopfield amplitudes corresponding to
the photon and phonon fractions of the polariton, respectively. The fraction of the gain not
arising from the intersubband photon gain is plotted in Fig. 6 c), showing that this fraction rises
to already 5%, even in this structure where the phonon is confined in a single monolayer of
material.
Similarly, the polariton loss can be written in terms of the weighted content of the photon and
phonon parts. Experiments with the reference laser indicate a cavity loss of αtot = 65cm−1[23],
corresponding to a photon lifetime of τp = 1.7ps. For the lifetime of an optical phonon in
GaAs, values of τp of 3.5ps at 300K and 7-8ps at 77K were found experimentally [24, 25] and
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were found consistent with a theory which assumed the decay to proceed from an anharmonic
coupling to two LA phonons [26].
The computation of the ratio of gain to loss is shown in Fig. 7. Both gain and loss drop as k
decreases and the polariton becomes more phonon like, but the ratio exhibits a maximum where
polariton lasing was observed.
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Figure 7: Computed ratio between gain and loss for the phonon-polariton laser. The observed
range of laser action is overlayed on the computation.
We attempted to observe the emission of the phonon-polaritons using a Raman spectroscopy.
However, the backscattering geometry we used prevented their observation because of a very
large k mismatch caused by the small momentum of the polariton. Actually, the upper polariton
branch is usually not seen even in the forward scattering geometry [10].
While the dispersion of the modes is a clear proof of the polaritonic nature of the emission,
the spectral narrowing and intensity are witness of their coherent behavior, justifying our claim
of a phonon-polariton laser. In the structure that is considered here, the gain remains dominated
by the direct coupling between the electrons and the photons. This is not surprising and arises
naturally as the device active region design was not optimized with the phonon contribution to
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the gain included. In fact, we believe that the direct coupling to the phonon that also contributes
to the gain shows the radically different nature of the device and offers totally new optimization
possibilities of terahertz devices especially for high temperature operation.
Although this first demonstration relies on a III-V heterostructures, the operation principle
of this laser can be applied to all the material systems which provide simultaneous confinement
of electrons and optical phonons in two dimensions. Such approach would be especially fa-
vorable for two-dimensional transition metal dichalcogenides [27] structures because it allows
more easily the confinement of the radiation in the direction of the heterostructure stack. As
a first proof of concept, we did fabricate devices with much thinner active regions, down to
1.5µm thick, that still operated with roughly the same threshold current (see supplementary
material), demonstrating the unique capabilities of the phonon-polariton lasers to operate in
subwavelength cavities.
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Supplementary Material
Device Description and band structure
The sample was grown by molecular beam epitaxy on a Fe-doped InP substrate. The growth was
started with a 50 nm thick In0.53Ga0.47As buffer layer. Then a 4.2µm thick active region was de-
posited and the growth was completed by a 30 nm thick Si-doped n-type Ga0.53In0.47As contact
layer. In the active region, the following layer structure was repeated by 60 times: in nanome-
ters, 4.8/5.4/0 .3/8.6/0.75/8.2/0.75/8.1/0.85/7.1/1.13/6.1/1.6/6.4/2.0/7.2, where
GaAs0.51Sb0.49 barrier layers are in bold, In0.53Ga0.47As well layers are in roman, Al0.48In0.52As
barrier layer is in Italic, and Si-doped In0.53Ga0.47As layer (n = 4.0× 1017 cm−3) is underlined.
We also grew the reference sample which is identical except for 0.55 nm thick GaAs0.51Sb0.49
barrier instead of 0.3 nm thick Al0.48In0.52As barrier. The corresponding conduction band di-
agram of the one period of the active region with moduli-squared relevant wave functions is
shown in Fig.8. Here an electric field of 19.5 kV/cm is applied to align subbands. The electron
effective mass in the computation is 0.043 m0 for In0.53Ga0.47As, 0.045 m0 for GaAs0.51Sb0.49
[1] and 0.076 m0 for Al0.48In0.52As (m0 is a free electron mass), respectively. The conduction
band offset energy (= 0.36 eV) between In0.53Ga0.47As and GaAs0.51Sb0.49 [1] and the one
(= 0.52 eV) between In0.5Ga0.47As and Al0.48In0.52As are used.
Device frabrication and measurements
First a bottom metal contact layer composed of a 10 nm thick Ti and a 500 nm thick Au was
deposited on the grown wafer. It was wafer-bonded onto the Au evaporated n-InP (100) car-
rier substrate by thermos-compression bonding technique. Then the Fe-doped InP substrate
used for the epitaxial growth was removed by mechanical polishing and selective wet chem-
ical etching. After depositing Al2O3/SiO2 layers for an electrical isolation, 250 nm thick top
contact (Ti/Au) and 800 nm thick hard mask (Si3N4) layers were evaporated by electron beam
16
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Figure 8: Conduction band diagram of one period in the active region and square modulus of
the relevant wavefunctions.
evaporator. Finally the laser structures were defined by Cl2-based dry etching. After device
fabrication, the processed wafer was cleaved into 0.25-1.0 mm long Fabry-Pe´rot lasers with a
ridge width of 10-35 µm, and then mounted on copper mounts. The laser devices were placed
in a temperature controlled He flow cryostat with KRS5 vacuum windows. The sub-threshold
electroluminescence measurements were performed by a home-made vacuum Fourier Trans-
form Infrared (FT-IR) spectrometer equipped with the calibrated Si bolometer. Current pulse
trains composed by 100 ns wide pulses with a repetition rate of 1 MHz (a duty cycle of 10%)
were modulated at 450 Hz to match the frequency response of the Si bolometer. The light out-
put power was also measured by the Si bolometer. For high resolution spectral measurements,
Bruker Vertex 80 vacuum FT-IR was used. The spectral resolution was 0.075 cm−1 (≈ 2.2
GHz).
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Far-infrared Absorption Measurements
To probe Reststrahlen band of the AlAs optical phonon in the 0.3 nm thick AlInAs barrier, we
performed far-infrared absorption measurements. In order to avoid absorption of the Fe-doped
InP substrate where the Reststrahlen band is spectrally overlapped with the AlAs phonon one,
the grown wafer was first glued on a Si substrate by epoxy, and mechanically polished down to
≈ 50 µm. Then the remaining InP substrate was completely removed by a selective etching.
Hydrochloric acid was used because it does not etch InGaAs at all while the etching speed
of InP is fast (about 10 µm/min). Finally two edges were polished in wedge shapes with an
angle of 45 degree, enabling the incident light to couple efficiently with the active region. In
order to remove effects of other absorptions, we measured transmission spectrum (Tref ) of the
reference sample and then subtracted it from that (T) of the phonon-polariton sample. Thus the
absorbance is here defined as - ln(T/Tref ). The difference of the sample size is within 50 µm
for the light propagation direction and within 2 µm for the thickness, which provides the same
number (7 times) of pass across the active region for the two samples. The light was normally
incident on the surface of the wedge. The red curve in Fig.9 shows an absorption spectrum at
room temperature. An absorption peak, which is associated with the AlAs TO phonon [2], was
observed at 43.4 meV. The blue line depicts a computed absorbance. The absorption energy
is in close agreement with the AlAs bulk TO phonon energy (42.8 meV) [3]. The absorbance
is about two times smaller than the computed value. As shown by the dashed blue line, the
computed absorbance exhibits an agreement with the experiment if the AlInAs barrier thickness
is assumed to be twice.
Thinner Devices
The larger gain of the polariton laser should translate in a capability of operating with smaller
cavities. Therefore, we have investigated the dependence of the threshold on the length of the
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Figure 9: Room temperature absorption spectrum. Here the absorbance is defined as -
ln(T/Tref ). The two blue curves show the computed results.
device. Another attempt was made by making the device thinner - rather than shorter.
For this purpose, we have processed double metal waveguide ridges of three different active
region thicknesses: 4.3 µm (as-grown thickness), 3.0 µm and 1.5 µm. An 85% concentration
Phosphoric acid in a H3PO4:H2O2:H2O (1:1:3) solution has been used to etch down the active
region until the proper thickness was reached. Apart from the H3PO4 etching described above,
the devices endured a standard double metal ridge processing. After this, the devices were
cleaved in 0.5 mm long dice with 26 µm wide ridges.
Fig. 10 shows the light output power, current, and voltage characteristics of these devices.
Encouraging results were achieved as a working laser with active region as thin as 1.5 µm
was processed, demonstrating the possibility to realize emitting structure with a subwavelength
dimension. Moreover, the threshold current slightly changes (∼ 10% - 15%) as the thickness
decreases, suggesting that it could be further decreased.
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Figure 10: Light output power, current, and voltage of a phonon-polariton laser as a function of
active region thickness. The inset shows a SEM cross-section of the three devices.
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